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When a buyer of bridge or buiLding steel receiveB from
the mill a report indicating that his lot of material has a
yield point greater than the spec~fied minimum of 33 kips per
sq. inch may conclude that the structure be recently had de-
signed to a maximum stress of 20 kips per sq~ inch will have
a "factor of safety" of 1.65. The real factor of safety against
large permanent distorttion or collapse may be lower than this~
but more frequently it wilL be much greater. In the extreme
limits between dangerous weakness and gross overdesign it
will probably range between 1.00 and 10.0~ these limits being
narrowed in proportion to the quality of the design~ correctness
of knOWledge as to material properties~ and accuracy with which
the maximum applied loads have "been estimated. In some appllca-
tions questions of fatigue and corrosion will also play an
important role.
- - - - - - - - - - - - - - .;.
*Director of Fritz Engineering Laboratory and Professor of Civil
Engineering~ Lehigh Universi'tu, Bethlehem, Penna.
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THE ACCEPTABILITY OF AN ENGINEERING STRUCTURE
,
To the ultimate user of a bridge or building the load-
carrying structural framwwork. will be acceptable ifit i.~:
(~) Strong enough to carry without ~amaging yield l fracture I
or buckl ing all expected or accidental loads that
may be applied throughout its lifetime.
(2) Elastically rigid enough not to vibrate I or deflect
)
to an extent that would reduce usefulness or cause
I
discomfort to occupantse
(3) En~ring enough to Withstand any corrosive action and
. not to fa 11 by fatigue.
(4) Economical in choice and use of. material.
The concern 'herein will be primarilyrela.ted to stress-
/
strain properties of .the material in relation· to the stat,ic
strength of the st~cture.
The engineer of tomorrow will design with greater regard to
.'
-~-
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the overall usable strength of. the complete structure, whereas
today engineering specifications are primarily concerned with
<: the separate strength of each structural component, i.e., the
be~m,' the cOlumri, the .tension member, and-the connection.
,
all st~ctur~S)hence .Ghanges £rom present\methods
, -
Present day design procedures lead to safe and enduring over-
, '. s\~~
may be SA8'Wft
incoming. Nevertheless, gr~~ter attention· to the interraction
"
between the components of astructur.ewiJ!..l 'in the future l,ead
to greater economy in the use of material as well ,as' ,in ~ollars
and c~nts saved. Such a trend pas long been felt in ae~ona.tical
. engineering, wherein progress ~s been forced not so much by
, as ".
economy/by the ne'ed to achieve 'the absolute minimum of wei~t•
.'
In realising more and more of the usable strength in a
~~~'-
. given structure, the, designer-must~realisti~ s~rength
I
analysiaof the whole structure. Buckling problems must be
. G
given more exact attention, in both the elastic and inelastic
ran~e of material behavior.
•- .4-li-
The :ultimate load capacity of a structure will be evaluated,
4
utilizing the inelastic 'range of the stress"'strain curve, and
...
this load capacity will be divided by an overall factor of
safety to determine the usaale working load capacity. There
may be an increase i~ the le~el of stress at the .working load~
when and if the 'ult~ate load ~apacity ju~tifies such an~in-
crease. The importance of "s'tress" calculations will decrease
as the greater importance of "strength" calculations is fully
realized.
At the same time -i t must 1:2.e kept' in mind that a structure
may have much more strength than can be-utilized if the deflec-
tions cause unsightly or uncomfortable distortion, ,lead to
failure or malfunctioning of non-load carrilng parts or. machinery,
. - '
-
or if the accompanying flexibility results in psy~hologicall~
table
uncomfor_IiJS't~'vibra tion.
I
Another counter to the trend of increasing KBB p~r.mitted
•
loads to take full advantage of usable stAtic strength will be
,
,
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the necess'ity for careful attention' to the possibility of
fatigue failure. Any conclusions that may be reached herein
will be applicable only in cases wherein fatigue failure is
not a problem.
STRUCTURAL FAILURE IN RELATION TO THE
SCALE OF THE OBSERVATION
In considering the relat~onship between local inelastic
behavior of the material and the overall behavior of the, st;ructure,
our conclusions will be markedly affected by the scale of the
obs.ervat i on.
'Suppose we are interested in the overall behavior of the
\
Empire State Building but get our ppinionas to the 1ielding
of the material from a microscopic observer. If he were located
-'
near a point of high stress-concentration a slight overload
. t
on some·~y part 'of the structure might eas.ily create .
local plastic flow adjacent to our observer that would seem to
be catastrQphic. To be str~dling an earth~uake fault during
its fo~ation would be mild in comparison. But i£ our observer
, Igrew to a height of ten inches this localized yielding would
)
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,-
have been scarcely notice~ble. Most of the beams'and columns
would have undergone greater yield while be~ng stra1ghtened
\ \
in the mill~ ~abricated in the shop, and forced into position
during erection. It is during tl),ese three' operati,ons that
the ductility ~f the metal b~yond the yield point is called
upon to the-greatest degree. However, hav~ng permitted yielding
•
,in the mills, shop{ and field,- there is no valid reason to
,
prohibit it thereafter, ,provided such yielding'has a negligible
effect upon the usability' of the, structure .' Permitting such
1;' ,
yield makes it possibl~ to avoid in design a complete analysis
~
of local stress concentratlons,'which would be impractio~ if
not impossible.
Suppose it is ,agreed to neglect the yield at local stress
"
-<i'::I
, \
concentrations and our ten inch tall observer now. concentrates
\
his attention at the top of one of the steel beams where the
,
ca~culated stress first reaches the yield point. Rather general
yielding may now develop to a degree quite noticeable to our
ten inch observer - yet the beam will carry much more ioad than
- 7a-
when it initially yielded. If the beam is part of a continuous
frame, complete yielding at one location will not usually coin-
cide with failure of the structure. As the load increases a
~eral rearrangement of moments may result, yield may progress
at the initial location and at still greater loads develope
at new locations without serious increase in overall de-
flections.
In the field of bridge and building structures - particularly
the latter - there is and will continue to be an important
trend ,to utilize material to realize the best distribution to
provide the optimum ~ombinat on of economy and usable strength.
The calculation of usable strength will more and more be based
on analys~s which at least locally take a~vantage of reserve
strength accruing from the behavior beyond the elastic range.
In the earliest days of the art the structural engineer
Iintuitively designed structures that, on the basis of repeated
eXperiB&CeS, had 9 re~uisite strength. As the engineer
learned analytical methods of elastic stress analysi s and
coupled this with test information regarding strength of
i/V
~
rv ,'"! '
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.
- ~ materials his attention became more and more focu~sed on
local stres~ rathe~ than overall streng~h of the structure.
NOW t attention is turning back to the whole structure - the
exact value of s tress loses some of its significance' - as the
engineer .".••••••••••• 9~!j~~1I'1~q..99 .~ti~Ci. ~ •••••••••••••••••_f •••
I
j
'\
8
is lea~ing the science of calculating the overall strength of
"
. the entire 'assemblage of members.
'Theories for strength calculatfon to take accotmt of the
'reserve strength beyond,the yieid point have been variously
called "plastic t', trcollPe~e'" 'or "limi ttt desi.gn•. These pre;>-
pose to calculate the safe working load by formula (2) below,
ra,ther than by (1 ) •
(1) Conventional Stress Design
Safe Load =Load at which maximum calculated stress
equals yield point
Stress factor of safety
(2) Plastic Strength Design
Safe Load =WtiXMaximum load tha t s tructtire will
carry without prohibitive:deformation
Strength Factor of Safety
Since, as has been shown, the ,yield point is always exceeded
regardless of whether we adopt procedure (1) or (2), the choice
1
is not one of whether ,?r not any yielding is permitted - it
is simply a matter of the degree to which it is to be allowed
\
and theg~neral approach that is to be,made in design. More
'.
- 9 - .' \.
.....
often than not, the safe load computed by (2) will be less
than the load (1) at which maximum calculated stress equals'the
yield point. Hence, except for 1'ocal stress concentrations,
the structure will usually remain elastic at working loads
•
eHen though design procedure (2) is~seQ. If this is not the
case, it will be necessary to calculate the deflections-in
the early plastic range -~ a difficult problem. The calculation
of maximum plastIc strength on the other hand- is a S1mP~~~'~
process in those structures for which procedures are pow ~la~
bl~, i.e., simple con~inuous frames.,
In bridges and buildings the principal load carrying stresse's
are largely uniaxial and the material used. is,primarily structurall
\
steel -- these two facts leading to simplicity in the plastic
theory sufficient for the structural engineer and rendering
fairly direct the relationship between the tensile and compres-
sive. stress-strain diagram of structural steel and the load
deformation chB.rac,ter'istics of steel structures.
What information does he need if he deliberately 'extends
. .
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bis design and analysis into the plastic range and replaces'
the consideration of working stress by pred.icting the load
1','.
carrying capaoity lof the structure? He must, of cours~, 'continue
to consider the overall deflections of the structure and .its
component members and in'deaigning into the plastic range
these impose the most important designcDiteria. The structural
engineer will'probably mreat local stress concentration much
,
as he does at present in so-called elastic design, but it may .
be necess~ry to give more weight to their possible effect in
'\
behavior
in!luencingthe overall plastic BBkaRt*s of the structure.
..... .
The magnitude of tlie maximUm stress, in plastic design, no
longer is a design criterion; its only ~se in elastic design
having been to insure against. the plastic behavior that is now
/.
considered ,permissible.
, .
~ert~nlyin·tbe field of ·fully continuous steel building
. \
frame\ designs based on calculated "collapse" or "limit" 'loads
appear to have a definite field of application•. The many works
. I
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of 'J. F. Baker(l and his associates in Great Britain and the
.. .
writings of J. A. van den Broek(2), in this country, who coined
the term "limit design", have done much to focus the attention
of engineers on this subject.~~C1~:~M1\£:j ~ S~ ~t~ i~ 'It\6" PU.SOC~6
To calculate the deflectj.on of a steel structure as
•
,
tion of load in the plastic range and thereby determine its
useful capacity, the structural designer is primarily interested
in the basie information needed to determine the overall behavior
\
of a structural member under the primary or load carrying forces.
,For example, in a beam, the functional relationship between
bending mome:Qt and change in slope per unit length of beam
provides the informs t1.on necea sary to the calculation of the
beam deflections caused by the bending moment distribution re-
sultimg from any given load distribution. Two alternatives
(l) J. F. Baker, "A Revie of Recent Investigations into the
Behavior of Steel Frames in the J:'lastic Range". Paper
No. 5702, Journal of the Institution of Civil Engineers,
January, 1949, vol. 31, No.3, pp. 188 to 240.
(2) J. A. van den Broek, "Theory of Limit Design" 1948, John-
~iley and Sons, 144 pages.
-
o
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may be used to bbtain the needed information:
(1) Bending tests of a.ctu,al .typical beams maybe made to
..
give directry the requisite moment-angle change re-
lationship.
(2) ·The mement-angle change relationship may b~ computed
•
from the tensile and compression stress-strain .diagrams
~r the material.
The first of theforegoin~ alternatives is hardly practicable
because of the cost of making the tests. T.he second procedure
is obViously the more desirable and mathematical procedures for
making the ~ces8arycalculationshave long 'been avai~able.
The important question,_therefore, is:
r I
strain curve shall be assumed?"
"What shape of stress-
\
\
IIn elastic design there are accepted specification values
for the elastic modulus and the yield point. What is now needed
is an accppted ff s tan4ard" for the stress-strain curve b~yond
the elast.ic range and the assurance that by use of "thiS "standard"
curve one may predict with-sufficient accuracy the corresponding
. \
..
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inelastic behavior of any given structure. Even if no radical
changes are made in overall design procedures, this information
is needed to determine the buckling strength of 'compression
members, the governing tiactor in any design procedure.
THE STRESS-STRAIN CURVE FOR STEEL
In the inelastic range there are no widely accepted standard
..
stress-strain curves of the various steels available for use
even in the case of the simplest of strength determinations,
the tension test. In the elastic range, on the other band,
there are accepted values of .the elastic modulus of elasticity
Poisson's "E", and the approximate limit of elastic behavior,
the "yield pointlt of steel or "yield strength" of a non-ferrous
alloy. In the latter case, however, the "yield IQl!ltJl[:tstrength"
is determined by a specified degree of inelastic strain that
places this value well beyond the elastic range.
If an accepted minimum standard stress-strain curve were
available for each speci~ied type of constructional metal it
,- 14· .;.
"
wbuld then be possible to predict tne strength of beams~
colunms~' frames, and other structural elanerits on the basis of
•
fairly simple inelastic,anal~sis procedures for problems wherein
the principal strength-controlling stresses are mostly uniaxial:
\
i.e.,' two of the three princiPal stresses in tl:e region of maximum
,
stress are at or near zero. ~e.general case" wherein two or three
principal stre~ses are appreciably different fpom zero requires
a more complex explanation of the limit of elastic behavior and
\
.'
I the stress-strain development b,yond this limit •. Fortunately,
the "behavior of most structural members' is primarily gover;-ned
by uniaxial stress fields, e~cept in regions. of high shear stresses
in whi ch case there are tw 0 prine ip.B.l s tresse$ of apposi te sign
-and camprable magnitude.
In establishing a basic stress-strain curve thetmight be
..
used 1:n structural analysis, stress-strain curves of individual
.
samples are of little use_ There is needed a, systematic statistical
study over a wide- range 'of .sam~ples to inClude aI-I of the
..
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va:r:iables that effect tb.e shape of a stress-,strain,.... curve. To
facilitate such a 'study~ the stress-strain curve might be .
catalogued as shown in Figure 1, wherein seven items are shown,
\
the numerical va~aes of whi~h would permit the replotting of a
".
sufficuently accur~te .stress-strain curve in any given case.
In a large mass of data each of these seven items 60uld be
. ~
studied statistically to determine its ~nge of variation de-
fined limits of probability and·from such a statistical study
a basic minimum curve might be arrived at. New studies wpuld
. .
- I
,
need to' be made periodical1W as changes in r~w materials
-and manufact~ring precesses developed.
The cataloguing of stress-strain curves might b~ justifiably
simplified by ignoring the upper yield point entirely. The
upper yield point is a <D ndi tion of .ins_tabili ty ~ is sensitive
"
\
\
to surface roughness~ rate of strein~ and other variables.
Further~ore, the contribution of the upper yield point to ~he,
\
strength of a member loaded into the plastic range is ranger
\
\
I
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negligible if it exists at all, and disappears entirely in a
bent beam, for example, as the limit of complete plasticity is
approached.
'Turning again to ~ig. 1, ~ has been noted as the stressp
at an offset strain of 0.0001. fhis is an arbitrary selection
of strain, chosen to determine the general shape of the curve
,
and the "true" proportional limit, a function of the sensitivity
of the strain measuring apparatus, will be considerably lower
for commonly available appar~tus(3).
To predict the overall strength and deformation of a
structural member it is moat important to know the lower yield
point ~LY' and ~LY the. strain at the lower yield point prior
to general "strain-strengthening"'u.
- -- -------- -------._-----
* Mo e commonly called "strain-hardening" by metallurgists •
•
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.' ~ ~.
In many cases a .structura1 member will deflect far. beyond
/ /
the limit of structural usefulness without entering the general
strain-strengthening region. However, the initial rate of'
strain-strength~ningwill provide th~ additional information
necessary intthose cases where ple.sti~ strains are this lBlrge.
Specif~cations usually dO.not require determination of an~ of
these three important plasticity. stress and~strain measures,
~ r dO'".
v LY', '=LY' and ~.
&
The simplification of the initial stress-strain curve as
shown in Fig. 2 ignoring ~pand~UY as relatively un~portant
maximum willI be considered as providing enough information
for inelastic strength analysis. In the case of stainless steel
and nonferrous metals"stress-strain diagrams-similar in s~pe
to ttat shown in Figure 3 could be. catalogued for purposes of
statistical analysis by recQrding the stress at several arbitrary
offsets of strain.
- "-The lower yield point in a tension or compress'iontest may
be defined as the lJlinimum level of stre'ss 'after initial yielding
has started just sufficient to successiv~ly developlnew planes
- :i8 -
of slip in the portions of the bar that remain in the elastic
state. Average strain over a gage length of several inches grad-
ually increases~ but lOQally~ the strain proceeds in spurts
along !mife like zones tha t show up on the surface as "Lueder t s tt
lines(4). The local strain~ therefore~ varies ~arkedly from
point to point.
Although the lower yield point is most significant in de-
termining strength~ and therefore most important to the designer~
it is the upper yield point that is determined by the mill in
I
accordance with rules set forth, by the standard specifications(5).
The upper yield point is important~ therefore~ in that our
present notions the yield strength of structural steel are
conditioned by the presently as to available accumulation of data,
.
most of which reports only the upper yield point. It is addi-
tionally unfortunate that the acceptance of structural steel
------
- - - - - - - - - - - - - -.~ - - - ~ - -,
(4) Rawdon~ H. S.~ "Strain Markings in Mild Steel under Tension"
U. S. Bureau of Standards~ Journal of Research~.vol. l~ No. 3~
Sept. 1928, pp 467-485.
(5) For eaample,
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(
is based on mill test reports that often give a misleading estimate
of steel strength even when tests are made strictly according
to A.S.T.M. Standards (E8-46) for "Tension Testing of Metallic
Materials tt • This is particularly the case in using the older beam
and balance type testing machines for which the specification
reads "When the yilld point of the material is reached, the in-
crease of load stops, but the operator runs the poise a trifle
beyond the balance position ••• the laboratory ~ well-defined
upper yield point of 47,150 psi and an ultimate of 84,250 psi were
determ1ned. A great deal of similar 1nformation has been re-
corded and the practices are defended on the baaa that all
m1lls use a similar practice and that the test is therefore
satisfactory for comparative purposes. Steel mills are changing
to modern hydraulic testing machines in which case the maximum
load at the "bolt in the gage" 1s accepted as the y1~ld point.
!
This 1s an improvement but a specification limiting the strain
rate to a reasonably low value 1s needed together with a determinatkD
~---------- ------------
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of the lower yield point. It is obvious from the foregoing
that most mill test records, while possibly suitable for
comparative purposes, are not of much use in defining the yield
point that might be the basis for plastic design.
corresponding stress is taken as the "yield point". The
italics have been inserted by the author. Furthermore, since
hher is no rate of strain specified the mill tests are made
at a speed that raises the upper yield considerably. As an
extreme~ example, we have on record a mill test report for a
silicon structural steel ~uot1ng a yield point of 60,300 psi.
and an ultimate of 82,200 psi. Tested at a slow rate in )
